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Fast Radio Bursts are bright, unresolved, non-repeating, broad-
band, millisecond flashes, found primarily at high Galactic latitudes,
with dispersion measures much larger than expected for a Galactic
source1–8. The inferred all-sky burst rate9 is comparable to the core-
collapse supernova rate10 out to redshift 0.5. If the observed dispersion
measures are assumed to be dominated by the intergalactic medium,
the sources are at cosmological distances with redshifts11,12 of 0.2 to
1. These parameters are consistent with a wide range of source mod-
els13–18. One fast radio burst6 showed circular polarization [21(7)%]
of the radio emission, but no linear polarization was detected, and
hence no Faraday rotation measure could be determined. Here we re-
port the examination of archival data revealing Faraday rotation in a
newly detected burst—FRB 110523. It has radio flux at least 0.6 Jy
and dispersion measure 623.30(5) pc cm−3. Using Galactic contribu-
tion 45 pc cm−3 and a model of intergalactic electron density11, we
place the source at a maximum redshift of 0.5. The burst has rotation
measure –186.1(1.4) rad m−2, much higher than expected for this line
of sight through the Milky Way and the intergalactic medium, indi-
cating magnetization in the vicinity of the source itself or within a host
galaxy. The pulse was scattered by two distinct plasma screens during
propagation, which requires either a dense nebula associated with the
source or a location within the central region of its host galaxy. Keep-
ing in mind that there may be more than one type of fast radio burst
source, the detection in this instance of source-local magnetization and
scattering favours models involving young stellar populations such as
magnetars over models involving the mergers of older neutron stars,
which are more likely to be located in low density regions of the host
galaxy.
We searched for FRBs in a data archive we collected for the Green Bank
Hydrogen Intensity Mapping survey19–21. The data span the frequency
range 700 to 900 MHz in 4096 spectral channels. Average spectra are
recorded at 1.024 ms intervals. We developed a new tree dedispersion al-
gorithm and associated computer program to search for FRBs. First we
1Department of Physics and Astronomy, University of British Columbia, 6224 Agricultural Rd,
Vancouver, BC, V6T 1Z1, Canada
2Canadian Institute for Advanced Research, CIFAR Program in Cosmology and Gravity,
Toronto, ON, M5G 1Z8
3McWilliams Center for Cosmology, Carnegie Mellon University, Department of Physics, 5000
Forbes Ave, Pittsburgh, PA, 15213, USA
4Astrophysics and Cosmology Research Unit, School of Chemistry and Physics, University of
KwaZulu-Natal, Durban, 4001, South Africa
5National Institute for Theoretical Physics (NITheP), KZN node, Durban, 4001, South Africa
6Department of Physics, University of Wisconsin, Madison, WI 53706-1390, USA
7Academia Sinica Institute of Astronomy and Astrophysics, 11F of Astro-Math Building,
AS/NTU, 1, Sec. 4, Roosevelt Rd, Taipei 10617, Taiwan
8National Astronomical Observatories, Chinese Academy of Science, 20A Datun Road, Beijing
100012, China
9Center of High Energy Physics, Peking University, Beijing 100871, China
10Astrophysics and Cosmology Research Unit, School of Mathematics, Statistics, and Com-
puter Science, University of KwaZulu-Natal, Durban, 4001, South Africa
11Department of Astronomy & Astrophysics, University of Toronto, 50 St George St, Toronto,
ON, M5S 3H4, Canada
12Department of Physics, National Sun Yat-Sen University No.70, Lianhai Rd., Gushan Dist.,
Kaohsiung City 804, Taiwan
13Department of Physics and Astronomy, West Virginia University, Morgantown WV 26506,
USA
14Canadian Institute for Theoretical Astrophysics, 60 St George St, Toronto, ON, M5S 3H8,
Canada
15Perimeter Institute, 31 Caroline St, Waterloo, Canada
16Indian Institute of Science Education and Research Mohali, Knowledge City, Sector 81, SAS
Nagar, Manauli PO 140306, India
removed cold plasma dispersion, a frequency-dependent time delay
tdelay = 4148.808 s
(
DM
pc cm−3
)(
MHz2
ν2
)
,
where ν is the radio frequency and the dispersion measure, DM =
∫
nedl,
is the line of sight integral of the free electron number density. We
then summed all frequency channels for DM values ranging from 0 to
2000 pc cm−3 and flagged as candidates all data sets with eight-σ posi-
tive excursions of flux. These 6496 candidates were examined by eye and
compared to synthetic DM-time images of simulated FRB events. Most
of these candidates have the characteristics of radio frequency interference
(RFI) but one matched the expected pattern of an FRB (see Figure 1 and
Extended Data Figure 1). This burst, hereafter FRB 110523, has a DM
of 623.30(6) pc cm−3; the maximum DM expected in this direction due to
Galactic contributions22 is 45 pc cm−3. Detailed parameters for the burst
are given in Extended Data Table 1.
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Figure 1: Brightness temperature spectra vs time for FRB 110523.
The diagonal curve shows the pulse of radio brightness sweeping in time.
The arrival time is differentially delayed (dispersed) by plasma along the
line of sight. A pair of curves in white have been added, bracketing the
FRB pulse, to show that the delay function matches that expected from
cold plasma. The gray horizontal bars show where data has been omitted
due to resonances within the GBT receiver. The inset shows fluctuations
in brightness caused by scintillation.
Our detection in a distinct band and with independent instrumentation
compared to the 1.4 GHz detections at the Parkes and Arecibo observato-
ries greatly strengthens the case that FRBs are astrophysical phenomena.
In addition, as described in the Methods, the close fits to astronomical ex-
pectations for dispersion spectral index, Faraday rotation, and scattering
spectral index all further support an astronomical origin.
Fitting a model to the burst data we find the detection significance is
over 40σ, with fluence 3.79(15) K ms at our centre spectral frequency of
800 MHz. The burst has a steep spectral index -7.8(4) which we attribute to
telescope motion. The peak antenna temperature at 800 MHz is 1.16(5) K.
We do not know the location of the source within the GBT beam profile,
but if the source location were at beam centre where the antenna gain is
2 K Jy−1 the measured antenna temperature would translate to 0.6 Jy. Off
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Figure 2: FRB 110523 spectra in total intensity and polarization. Plot-
ted is the pulse energy for total intensity (Stokes I), and linear polarization
(Stokes Q, and U). Solid curves are model fits. In addition to noise, scatter
in the measurement around the models is due to the scintillation visible in
Figure 1. The decline of intensity with frequency is primarily due to mo-
tion of the telescope beam across the sky and is not intrinsic to the source.
centre the antenna has lower gain so this is a lower limit to the FRB flux,
similar to that of previously reported FRBs. The intrinsic FWHM duration
of the burst (with scattering removed) is 1.74(17) ms, also similar to the
widths of previously reported FRBs.
Allowing the dispersion relation to vary in the model, we find that the
dispersive delay is proportional to tdelay ∼ ν−1.998(3), in close agreement
to the expected ν−2 dependence for a cold, diffuse plasma. Following
Katz23, this provides an upper limit on the density of electrons in the dis-
persing plasma of ne < 1.3 × 107 cm−3 at 95% confidence and a lower
limit on the size of the dispersive region of d > 10 AU. This limit improves
upon limits from previous bursts23–25 and rules out a flare star as the source
of FRB 110523, as stellar corona are denser and less extended by at least
an order of magnitude26. Flare stars being the last viable Galactic-origin
model for FRB sources, we take the source to be extragalactic.
We find strong linear polarization, with linearly polarized fraction
44(3)%. Linearly polarized radio sources exhibit Faraday rotation of the
polarization angle on the sky by angle φfar = RMλ2, where λ is the
wavelength and the rotation measure, a measure of magnetization, is the
line of sight component of the magnetic field weighted by the electron
density:
RM = 0.812 rad m−2
∫
ne
cm−3
B‖
µG
dl
pc
.
We detect the expected λ2 modulation pattern in the polarization as shown
in Figure 2. The best-fit RM is −186.1(1.4) rad m−2. All radio tele-
scopes have polarization leakage, an instrument-induced false polarization
of unpolarized sources. We have mapped the leakage at GBT across the
beam profile and throughout the passband and find leakage can produce
false linear polarization as large as 10% and false circular polarization as
large as 30%. Leakage-produced apparent polarization lacks the λ2 wave-
length dependence that we see in the linear polarization data and cannot
produce the 44% polarization we detect so we conclude the linear polar-
ization is of astronomical origin rather than due to leakage.
The detected rotation measure and dispersion measure imply an
electron-weighted average line-of-sight component of the magnetic field
of 0.38µG, compared to typical large-scale fields of ∼ 10µG in spiral
galaxies27. This field strength is a lower limit for the magnetized region
due to cancellations along the line of sight. Also, the magnetized region
may only weakly overlap the dispersing region and so electron weighting
may not be representative.
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Figure 3: Polarized pulse profiles averaged over spectral frequency.
Plotted is total intensity (I), linear polarization (P+ and P×), and circular
polarization (V, may be instrumental). Before taking the noise-weighted
mean over frequency, the data are scaled to 800 MHz using the best-fit
spectral index and the linear polarization is rotated to compensate for the
best-fit Faraday rotation. The linear polarization basis coordinates are
aligned with (+), and rotated with respect to (×), the mean polarization
over time. Bottom panel shows the polarization angle (where measure-
able) in these coordinates. The error bars show the standard error based on
simulations.
The magnetization we detect is likely local to the FRB source rather
than in the Milky Way or the intergalactic medium (IGM). Models of
Faraday rotation within the Milky Way predict a contribution of RM =
18(13) rad m−2 for this line of sight, while the IGM can contribute at
most |RM| = 6 rad m−2 on a typical line of sight from this redshift28.
We detect a rotation of the polarization angle over the pulse duration of
−0.25(5) radian ms−1, shown in Figure 3. Such rotation of polarization is
often seen in pulsars and is attributed to the changes in the projection of the
magnetic field compared to the line of sight as the neutron star rotates29.
We also detect circular polarization at roughly the 23% level, but that
level of polarization might be due to instrumental leakage. Faraday rota-
tion is undetectable for circular polarization, so the λ2 modulation we use
to identify astronomical linear polarization is not available as a tool to rule
out leakage. For these reasons we do not have confidence that the detected
circular polarization is of astronomical origin.
Radio emissions are often scattered: lensing by plasma inhomogeneities
creates multiple propagation paths, with individual delays. We observe
two distinct scattering time scales in the FRB 110523 data, indicating the
presence of two scattering screens. In five previous FRB detections an
exponential tail in the pulse profile was detected, interpreted as the super-
position of delayed versions of the narrower intrinsic profile. The aver-
age scattering time constant for FRB 110523 is 1.66(14) ms at 800 MHz,
with the expected decrease with spectral frequency as shown in Extended
Data Figure 2. We also detect scintillation, the variation of intensity with
frequency due to multi-path interference. We measure a scintillation de-
correlation bandwidth fdc = 1.2(4) MHz (see Extended Data Figure 3),
indicating a second source of scattering with delays of order 1/fdc ∼ 1µs.
This scintillation is consistent with Galactic expectations for this line of
sight.
Scintillation should only occur if the first scattering screen is unresolved
by the second, and we use this fact to constrain the bulk of the scattering
material in the first screen to lie within 44 kpc of the source—roughly the
scale of a galaxy (see Methods). It was previously unknown whether the
∼ms scattering observed in FRBs was due to weakly scattering material
broadly distributed along the line of sight or strong scattering near the
source30, but our detection of scintillation eliminates the distributed scat-
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tering models. The observed scattering is too strong to be caused by the
disks of host galaxies23 and therefore the FRB source must be associated
with either a strongly-scattering compact nebula or with the dense inner
regions of its host galaxy. Either could produce the observed rotation mea-
sure, whereas most lines of sight through the ISM of a randomly oriented
galactic disk contribute an order of magnitude less rotation measure28.
Magnetization and scattering located near the FRB source disfavor
models that involve collisions of compact objects such as white dwarfs
or neutron stars14 since these older stellar populations are generally not
associated with compact nebulae nor are they preferentially found near
galactic centres. In contrast, a variety of models involving young stellar
populations—including magnetar starquakes, delayed formation of black
holes after core-collapse supernovae, and pulsar giant pulses16–18—provide
natural explanations for the properties we observe. Here scattering and
magnetization occur in the surrounding young supernova remnants or star-
forming regions, and the polarization properties we report are plausible
given that these proposed emission mechanisms involve spinning magne-
tized compact objects. Precise model testing, beyond these general com-
ments, will have to wait for more data which will determine if the magne-
tization and scattering features we report are generic.
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Methods
Data and pre-processing Our survey was conducted with the GBT
linearly-polarized prime-focus 800 MHz receiver. For the digital back-end
we used the GBT Ultimate Pulsar Processing Instrument. The data were
collected with the telescope scanning 4 degrees/minute at constant altitude
angle.
To act as a stable flux reference, a broadband noise source injects power
at the feed point, producing a square wave of intensity with period locked
at 64 times the 1.024 ms cadence. In the on-state the noise source in-
creases the total power by approximately 10%. The switching noise source
must be removed from the data before the search for transients can pro-
ceed. This is done by accumulating, over the one-minute scan, the peri-
odic component with a period of 64 ms. The data are then normalized to
the noise source amplitude in each spectral channel, providing an approx-
imate bandpass calibration, and the noise source waveform is subtracted.
For the search phase this level of calibration is sufficient and no absolute
calibration is applied.
Analysis of the discovered event requires a more rigorous calibration
than the search. We separately reference the vertical and horizontal polar-
ization signals to the calibration noise source, with the noise source in turn
referenced to a bright unpolarized point source (3C48) scanned 6.5 hours
before the event, providing an on-sky calibration at each frequency and po-
larization. This results in an overall absolute flux calibration uncertainly
of 9%20. To calibrate the phase of the cross-correlation between the two
antenna polarizations, which we need to measure polarization parameters
Stokes U and V, we assume that the noise source injects the same signal
into each with the same phase. Lab tests of the 800 MHz receiver verify
this assumption except in the two spectral resonances of the receiver and
in the edges of the band, which we discard. This procedure produces a one
percent polarization calibration at the centre of the beam. The polarization
characteristics off beam centre are described below.
The data contain several spectral channels that are irrecoverably con-
taminated by man-made radio frequency interference (RFI), largely due to
cell phones. These are identified by anomalously high variance or skew-
ness relative to other channels and all data from these channels are dis-
carded. A total of 3836 out of 4096 channels (93.6%) pass the RFI cuts.
Prior to searching the data for FRBs, Galactic and extragalactic syn-
chrotron continuum emission is removed. Such emission is broadband
and varies on much longer time scales than FRB events and can thus be
removed by a variety of algorithms. For the search, where computational
efficiency is a concern, a continuum template is formed for each 38 second
block of data by performing a mean over frequency. This template is then
correlated against each spectral channel and the contribution subtracted.
When analysing the discovered event, computational complexity is less
of a concern so we high-pass filter the data on 200 ms time scales. The
filtering substantially reduces the variance of the data, and we perform
another iteration of identification of RFI contaminated spectral channels.
Searching the data To search for FRBs we concentrate the energy of pos-
sible events into a few pixels of an image, using a dedispersion algorithm
we developed. In the array of spectra shown in Figure 1, the event is
spread out in both time and frequency. We need to remove this dispersion,
aligning the arrival times across frequency, then average over frequency to
produce a time series that has the pulse energy localized. Since we do not
know the dispersion measure a priori we dedisperse over a range of trial
values of DM from 0 to 2000 pc cm−3. The dedispersion process pro-
duces a set of frequency-averaged intensities versus time and DM. We use
a modified tree dedispersion algorithm31. We developed a recursive pro-
gram for this algorithm that, running on a single desktop computer, carries
out the dedispersion in 10% of real time.
After transforming to DM-time space, we need to search each DM for
bursts of unknown duration and unknown profile, which we accomplish
using a set of boxcar integrals over time, of lengths ranging from 1 ms to
the block length of 38 seconds. Blocks overlap by 8 seconds so events
straddling blocks are not missed. The search algorithm also accumulates
noise statistics at each DM for each boxcar length. The procedure is easily
parallelized by distributing data files among nodes of a large computer
array. A software package used to search our data for transient events is
publicly available32.
The above procedure produced 6496 DM-time plots, which we visu-
ally inspected. We find only one clear FRB candidate—FRB 110523—
but the search also turned up the previously known pulsars J2139+00 and
J0051+0423, roughly in line with expectations given survey parameters.
We have yet to perform a detailed analysis of the completeness of our
search but taken at face value our single detection implies an all-sky rate
of ∼ 5× 103 per day above a fluence of threshold of∼ 1 Jy ms, assuming
an effective sky coverage of 0.3 sq. deg., in-line with previous estimates.
To provide a set of training templates for the visual search, simulated
rectangular pulses were added onto a sample of data which included no
significant events. An example of a simulated event is shown in Extended
Data Figure 1. The simulated event shows a characteristic ‘hourglass’ fea-
ture in the DM-time plots.
Modeling the pulse profile and polarization We use Markov-Chain
Monte Carlo methods to fit a model to the FRB event and measure its
properties. Throughout the analysis we assume the noise is Gaussian and
treat it as uncorrelated between channels, with per-channel weights es-
timated from their variances. This simplification allows us to forgo the
time-consuming process of Fisher matrix statistical analysis. The assump-
tion is slightly incorrect: the data are χ2 distributed with 50 degrees of
freedom. We also find that adjacent frequency channels are actually 2.5%
correlated by the Fourier transform filter used for spectral channelization.
No significant correlation is detected between more widely separated chan-
nels. We account for adjacent channel correlation by increasing all errors
by 2.5%.
To create a model intensity profile for comparison to the data we begin
with a Gaussian pulse profile in time, with width σ which is independent
of frequency. This is convolved with a one-sided exponential scattering
kernel with a frequency-dependent duration to yield the normalized pulse
profile:
f(ν, t) =
[
1√
2piσ2
exp(− t
2
2σ2
)
]
⊗
[
θ(t)
1
τν
exp
(
− t
τν
)]
, (1)
where θ(t) is the Heaviside step function, τν = τ(ν/νref)−4, the fre-
quency dependence expected for scattering, and τ is the scattering time
at νref . In the final spectrum we allow for spectral index α of the overall
intensity and delay the pulse for dispersion:
I(ν, t) = A
(
ν
νref
)α
f(ν, t− tν) (2)
where A is the burst amplitude at reference frequency νref , tν = t0 +
DM×DM0
(
ν−2 − ν−2ref
)
, DM0 = 4148.808 MHz2 pc−1 cm3 s, DM is
the dispersion measure of the burst, and t0 is the burst arrival time at νref .
While in principle the choice of the reference frequency νref is arbitrary,
in practice we find a value of 764.2 MHz, near the centre of the signal-
to-noise weighted band, substantially decorrelates the fit parameters. This
constitutes our base unpolarized model. Circular polarization is modelled
in the same way as total intensity.
Our base linearly polarized model is the same as the unpolarized model
with an added Faraday rotation factor:
[Q+ iU ](ν, t) = I exp[2iRM(λ2 − λ2ref ) + iφ0], (3)
where RM is the rotation measure, φ0 is the polarization angle at the ref-
erence frequency and pulse centre, and I is the model for intensity given
above. We find the likelihood surfaces are quite close to Gaussian, and so
the Markov chains converge quickly. We run an initial short chain to es-
timate the covariance matrix, then run 4 chains of length 500,000 steps to
estimate parameters. This approach gives good convergence (the Gelman-
Rubin convergence r − 1 is typically 0.005).
To search for time dependence of the polarization angle, we extend the
model to allow the polarization angle to vary linearly with time. We did
this fit two ways: 1) apply the phase gradient to the pre-scattering Gaus-
sian burst and then convolve with the scattering kernel, and 2) apply the
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gradient to the scattering-convolved burst profile. While the first is more
physically natural if the rotation happens at the burst source before scat-
tering, we find that the second (post-scattering gradient) provides a sig-
nificantly better fit (5.4σ significance c.f. 2.1σ) and quote results for this
fit. We attribute this to substructure in the polarized pulse, that is poorly
modelled by a Gaussian with linearly changing polarization angle. We do
not have enough signal to noise to further investigate the substructure but
the conclusion that the polarization angle rotates is robust.
The plasma delay as a function of frequency is expected to follow a ν−2
power law, scattering time should have frequency dependence near ν−4,
and the Faraday rotation angle should be proportional to ν−2. We extend
the model used in the Markov chains to test these predictions, fitting for
the dispersion measure index, scattering index, and rotation measure index.
All fit parameters are listed in Extended Data Table 1 with results grouped
by independent fits.
To check our analysis software and calibration (especially the polariza-
tion sign) we performed observations of pulsar B2319+60. The pulsar
data were processed using the FRB pipeline and the Faraday rotation mea-
sured from a single pulse. The rotation measure was determined to be
-239.9(4) rad m−2, in good agreement with the published value33, and un-
der this sign convention the FRB’s RM is negative.
GBT beam During the two second period over which the FRB pulse tra-
verses the bandpass, the pointing centre of the GBT beam scans 8 arcmin-
utes, which is about half the FWHM beam width. The pulse intensity
increases steeply during the arrival period likely indicating that the source
coordinates moved from the edge of the GBT beam at the start of the ar-
rival period to a position closer to the beam centre as lower frequencies
arrived. The GBT beam is also wider at lower frequencies which also con-
tributes to the steep spectral index. Simulations indicate that this picture
is consistent although, due to the unknown intrinsic spectral index of the
source and unknown impact parameter of the scan relative to the source,
we are unable to use this information to obtain a precise localization.
It is highly unlikely that the burst entered the telescope through a side-
lobe. Because of its off-axis design, GBT has low sensitivity in its side-
lobes. Simulated models of the 800 MHz receiver beam show the first
sidelobe to be a ring around the primary beam with radius 0.6 deg., width
0.1 deg., and 30 dB less sensitivity than boresight (Sivasankaran Srikanth,
personal communication, November 2012). The second and third side-
lobes have similar geometry, occurring 0.8 and 1.0 deg. from boresight
and suppressed by 37 and 40 dB respectively. These near sidelobes do not
cover significantly more sky area than the main beam and with their dra-
matically lower sensitivity it is unlikely that the lobe would contribute to
the burst detection rate.
Subsequent sidelobes have even less sensitivity but cover more area.
They are ruled out by the observed spectrum of FRB 110523. The radial
width of the sidelobes is 0.1 deg. and their radial locations are inversely
proportional to observing frequency. As such, if the burst had entered a
far sidelobe we would have observed far more spectral structure; several
peaks and nulls. Even the previously discussed first sidelobe is in tension
with the observed spectrum when accounting for the added spectral struc-
ture expected from ∼ 0.1 deg. of scanning during the pulse arrival period.
For the first three sidelobes it is possible that, though an improbable coin-
cidence, the telescope’s scanning could cancel the location spectral depen-
dence of the sidelobes. However as previously argued, a source location
in the sidelobes is unlikley due to their combination of low sensitivity and
low area.
To determine the polarization properties of the primary beam, we have
performed on-axis and off-axis measurements of the beam using both
bright point sources and pulsars. Such measurements are crucial for our
survey’s primary science goal of mapping cosmic structure through the
21 cm line. We find that while GBT’s off-axis design reduces sidelobe
amplitude it leads to substantial polarization leakage in the primary beam.
On boresight, the leakage from total intensity to polarization is less than
one percent. Off boresight, leakage peaks at approximatley 0.2 deg. in the
azimuth direction. Leakage from Stokes I to Q/U is several percent of the
forward gain and from Stokes I to V it is as high as 10%. When comparing
to the gain at that location in the beam instead of the forward gain, these
numbers translate to 10% leakage to linear polarization and 30% leakage
to circular. The leakage is only weakly dependent on frequency. These
measurements are in agreement with simulated beam models.
The observed polarization angle rotation over the duration of the pulse
cannot be due to leakage. The rotation occurs in each frequency bin over
a few milliseconds, during which time the GBT beam centre moves just 7
milliarcseconds. Gradients of the leakage pattern at such small difference
of angle are much too small to explain the change of polarization angle. To
achieve the signal to noise sufficient to detect the angle swing it is neces-
sary to integrate over frequency, introducing the two-second timescale as-
sociated with dispersion delay, but the integrand is composed of millisec-
ond differences of polarization angle, making the two-second timescale
irrelevant.
Scintillation Since we only see the FRB pulse for a few milliseconds we
have no information on variation of the flux on longer time scales, and
concentrate on quantifying the scintillation-induced variation of intensity
with frequency by calculating the de-correlation bandwidth. We first form
δT (ν) ≡ T (ν)/Tsmooth(ν) where Tsmooth(ν) is the power law fit to the
spectrum, accounting for the intrinsic spectrum of the event as well as the
frequency dependence and motion of the telescope beam. We then form
the correlation function
ξ(∆ν) ≡ 〈δT (ν)δT (ν + ∆ν)〉ν . (4)
This correlation function is estimated from the observed spectrum and is
shown in Extended Data Figure 3.
To estimate the de-correlation bandwidth, fdc, from the observed corre-
lation function, we fit to the Fourier transform of an exponential scattering
function34:
ξmodel(∆ν) =
m
f2dc + ∆ν
2
. (5)
This fit yields fdc = 1.2(4) MHz and m = 0.26(8). The errors on
the measurement of the correlation function depend on the underlying
statistics of the scintillation, which are both non-Gaussian and model-
dependent35. We estimate the errors in Extended Data Figure 3 through
simulations, with errors on fit parameters subsequently expanded to ac-
count for modelling uncertainties.
Two-screen model for scintillation and scattering The observed scintil-
lation de-correlation bandwidth is comparable to that observed for Galactic
pulsar J2139+00, less than two degrees away from FRB 110523 on the sky
and at a distance of 3 kpc based on its dispersion measure36, indicating the
scintillation arises from the Galactic interstellar medium.
A familiar form of scintillation in optical astronomy is the twinkling
of stars. Optical scintillation is due to turbulence in the atmosphere and is
commonly modelled by projecting the optical medium onto a screen above
the telescope with micro-images appearing in the plane of this screen. For
stars, rapid variation of flux with frequency are seen because stars have
angular size small enough that light emitted from opposite edges of the
stellar disk has path length difference less than a wavelength. Stars are
said to be unresolved by the scintillation screen, meaning that they are in-
distinguishable from point sources. The multipath interference changes
with time because of turbulent motions in the atmosphere. Planets, in con-
trast to stars, have angular size resolved by the screen, so the flux variations
are typically a small fraction of the total flux. For similar reasons, among
radio sources, pulsars often show scintillation, while the much larger ex-
tragalactic radio sources do not. At radio wavelengths scattering occurs in
the intervening plasma rather than the atmosphere.
To model scintillation and scattering for FRB 110523 we project the in-
tervening material onto two screens, representing the material in the Milky
Way and in the host galaxy, respectively. We use two screens because the
scintillation and scattering have very different time scales, which precludes
modelling with a single screen. As with optical scintillation each screen
produces a halo of micro-images, which can be considered scattering sites.
Propagation via a micro-image at the edge of a halo requires a longer prop-
agation time from source to observer than micro-images near the centre.
In our model the delays associated with the Galactic screen produce the
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micro-second scintillation path differences, while the host screen path dif-
ferences produce the 1.6 ms exponential tail of the pulse profile.
In our two-screen model the presence of strong scintillation indicates
that the host screen is unresolved by the Galactic screen, and this al-
lows an estimate of the host screen position. We assume the position of
the Galactic screen is the characteristic thickness of the ionized Galactic
plane D=1 kpc. The angular size the Galactic screen is then given by
θ =
√
2cτ/D ∼ 1 mas and the resolving power of the Galactic screen
is ρ = λ/(θD) ∼ 600 nas. The scintillation would be washed out if the
host screen exceeded this angular size. This small angular size combined
with the 1.6 ms scattering time places the host scattering screen within
44 kpc of the source, assuming the maximum source distance of ∼ 1 Gpc
(constrained by the observed dispersion measure).
To further test our scintillation and scattering model, we compared the
scintillation of the main pulse to the scintillation in the scattering tail by
cross-correlating the intensity spectrum early in the pulse to the spectrum
late in the pulse. To obtain the early pulse spectrum, we use a filter
matched to the Gaussian part of the profile with no scattering tail. For
the late part we use a filter matched to the tail beginning 3 ms into the
pulse. The cross de-correlation bandwidth is fdc = 1.3(5) compared to
fdc = 1.1(6) MHz and fdc = 1.0(4) MHz for the early and late pulse
respectively. Correlation amplitudes are m = 0.30(9), m = 0.18(8), and
m = 0.47(13) for the cross correlation, early, and late pulse respectively.
These are all consistent with the level of scintillation measured for the full
pulse, indicating that the most direct path and scattering-delayed micro-
images share a common scintillation-induced spectrum. The scintillation
source is therefore separate from the source of the scattering tail, and we
place them in the Milky Way and host galaxy respectively.
Follow-up observations We carried out observations at the position of
FRB 110523 from 700 MHz to 900 MHz at three separate epochs on
MJDs 57134, 57135, and 57157 for durations of 1.8 hrs, 1.8 hrs, and 3
hrs, respectively. We detected no bursts with DMs in the range of 0 to
5000 pc cm−3 with significance greater than 6 sigma. We also performed
a periodicity search on the data, and detected no pulsar candidates. The
estimated limiting flux density of this search, assuming a pulsar duty cycle
of 10%, was 0.04 mJy.
Counterpart sources To identify possible optical counterpart source can-
didates we searched the Sloan Digital Sky Survey (DR12) catalogues37
throughout a region centred on the position of the radio beam at the time
the pulse arrived at 700 MHz. The beam size of the GBT is 15 arcmin-
utes FWHM, but we expanded the search area to 30 arcminutes diameter
to account for a source lying outside the FWHM beam area. Within this
field there are 70 objects identified as galaxies in the catalogue of which
40 are listed as having redshift less than 0.5. The 100% galactic complete-
ness limit of SDSS photometry38 is r-band magnitude 21. As such, all
Milky Way-like galaxies are included for z < 0.28, assuming an absolute
magnitude Mr ≈ −19.86.
No X-ray or gamma-ray sources are listed in the NASA/IPAC Extra-
galactic Database in this region.
Data availability The raw data used in this publication are avail-
able at http://www.cita.utoronto.ca/˜kiyo/release/
FRB110523.
Code availability The code used to search the data archive for
FRB events is available at https://github.com/kiyo-masui/
burst_search.
The code used to analyse the discovered FRB is available at https:
//github.com/kiyo-masui/FRB110523_analysis.
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Extended Data
Barycentric ν =∞ arrival (MJD) 55704.62939511
GBT boresight at 900 MHz arrival RA = 21h45m31s
Dec = −00d15m23s
l = 56.0795◦
b = −37.9435◦
GBT boresight at 700 MHz arrival RA = 21h45m12s
Dec = −00d09m37s
l = 56.1215◦
b = −37.8234◦
Dispersion measure ( pc cm−3) 623.30(6)
Fluence at 800 MHz (K ms) 3.79(15)
Spectral index −7.8(4)
Unscattered pulse FWHM (ms) 1.73(17)
Scattering time at 800 MHz (ms) 1.66(14)
Linear polarization fraction (%) 44(3)
Rotation measure (rad m−2) −186.1(1.4)
Polarization rotation rate (rad ms−1) −0.25(5)
Dispersion measure index −1.998(3)
Scattering index −3.6(1.4)
Faraday rotation index −1.7(2)
Extended Data Table 1: FRB 110523 parameters. Arrival time and astrometric parameters as well as parameters for fits of the base
unpolarized, base polarized, and extended models to antenna temperture data. The steep spectral index we observe is attributed to
beam effects. Statistical uncertainties enclose the 68% confidence interval of the measurement.
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Extended Data Figure 1: Events in Frequency–time and Dispersion Measure–time space. From left to right: Data for FRB 110523; a simulated
FRB; a known pulsar PSR J2257+5909; man-made Radio Frequency Interference. Brightness temperature is shown in frequency-time space (upper
panels) and the same data in dispersion measure-time space (lower panels). Relative dispersion measure is is the difference between the DM and the
event DM; event DMs are 622.8, 610.3, 151.0, and 1132.1 pc cm−3, respectively from left to right. The time axes of the frequency-time plots show
time relative to the DM-t zero time. The colour scale in the lower panels represents broadband flux with red showing a bright source.
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Extended Data Figure 2: Pulse profiles for FRB 110523 in three sub-bands. Each sub-band has width 66 MHz. The pulse width decreases with
frequency (at 2.6-sigma significance), consistent with models of scattering in the interstellar medium. Also shown in black is the best-fit model profile
for the middle band.
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Extended Data Figure 3: Spectral brightness correlation function of FRB 110523. The intensity spectrum has structure that is correlated for
frequency separations less than fdc = 1.2 MHz. Error bars are standard errors estimated from simulations and are correlated.
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